An apurinic/apyrimidinic (AP) specific endonuclease from mouse plasmacytoma cells (line MPC-11), was observed to cleave apurinic sites in oligonucleotides 9, 11, 12, 39 and 40 nucleotides in length. However, the enzyme failed to cleave APsites in two oligonucleotides 7 nucleotides in length. The maximum rates of digestion observed on these short singlestranded DNA (ssDNA) fragments were approximately 1/30 of the rates observed on double-stranded DNA (dsDNA). In studies using the Maxam-Gilbert DNA sequencing analysis, apurinic sites in purine-rlch regions were preferentially cleaved in dsDfyA but not in ssDNA, indicating that the enzyme has a sequence preference on dsDNA. These results suggest that some sites on DNA might be more efficiently repaired than others.
INTRODOCTJ.OW
Apurinic/apyriraidinic (AP) sites in DNA can be formed by spontaneous hydrolysis of the N-glycosidic bond between a base and the sugar phosphate backbone. The rate of hydrolysis in a mammalian cell under physiological conditions has been calculated to be 10,000 bases per cell in each cell generation (1, 2) . Base adducts formed by alkylating agents, UV light or irradiation have been observed to have a rate of hydrolysis several orders of magnitude higher (2, 3) . AP-sites can also be introduced due to the action of various DNA glycosylases (4) . Bypass of these sites by DNA polymerase during DNA replication is likely to lead to mislncorporation (5, 6, 7, 8) . The mutagenic potential of apurinic sites has been demonstrated by a large body of evidence (9, 10, 11) . Enzymes specific for AP-sites have been purified from a large panel of organisms, both from procaryotic and eucaryotic sources (1,4,12,13). They are usually ©IRLPrew classified according to their incision position relative to the AP-site (14) .
Nuclear extract from a mouse plasraacytoma cell line (MPC-11) contains two AP-endonuclease activities, which have been purified and partially characterized by previous investigators (15, 16) . One of these activities appears to be an AP-speciflc endonuclease (17) and this enzyme has been characterized as a class II AP-endonuclease (18) . The enzyme act via enzymatic hydrolysis and gives a deoxyribose-5'-phosphate at the 5'-terminus and a 3'-hydroxyl nucleotide terminus, and does not act as catalyst of (i -elimination as recently suggested for class I AP-endonucleases (19, 20) . The deoxyribose-5'-phosphate at the 5'-terminus can be removed by a DNA-deoxyrlbophosphodiesterase activity recently detected and purified from both bovine and E.coli (21) . A DNA-polymerase will then replace the missing nucleotide residue, prior to llgation with a DNA-ligase. The present work deals with kinetic studies of the AP-specific class II endonuclease on dsDNA and ssDNA in addition to studies on sequence preference on both dsDNA and ssDNA using the MaxamGilbert DNA sequencing procedure.
MATERIALS AND METHODS

DHAs.
0X174 replicative form I (RFI) DNA was prepared according to the method of Nes and Nissen-Meyer (15, 22) . When labeled, 0.5 mCi (methyl-3 H)-thymidine and 4 ug of unlabeled thymidine were added to a 750 ml culture of E.coli HF 4704 10-12 minutes after infection by the bacteriophage 0X174am3. The 0X174 RFI DNA used in the DNA sequence analysis, was digested with Xhol restriction endonuclease prior to calf intestinal phosphatase (CIP) treatment and labeling with T4-polynucleotide kinase (PNK) and (y-32 P)ATP. A new double digest with Haelll/PstI restriction endonucleases resulted in two labeled DNA fragments, 170-and 273 nucleotides in length, respectively, both with one strand labeled.
The plasmid pUC18 was isolated and purified according to previously established methods (23 The two 7-mers, the 9-, 11-, and 12-mers were employed in the minimum subsrate length study, and the 11-, 12-, and 40-mers and the double-stranded 55-mer were used in the kinetic studies. The 39-mer was used in the studies on sequence preference on singlestranded DNA. Clusters of three or more purines in the oligonucleotides (labeled strand) are underlined in the table above.
Enzymes and chemicals.
The AP-specific endonuclease from mouse plasmacytoma cells (line MPC-11), was isolated as previously described (17) . The specific activity and purity were as earlier published (17, 18 (26, 27) . Determination of mininal substrate size.
Five oligonucleotides, the two 7-mers, the 9-, 11-, and 12-mers were labeled and AP-sites were introduced by formic acid treatment as described above. The enzymatic reaction was carried out in a total assay volume of 40 ul, using standard assay conditions. The enzyme concentration was 6 units, and the reaction was stopped by phenol extraction. The cleavage products were separated by the aid of polyacrylamide-urea gel electrophoresis. As a control, the AP-sites were cleaved chemically by plperidine and run alongside as the A+G lane for each ollgonucleotide. On-treated substrate were also run alongside for each olgonucleotide. Kinetic studies on ds-and ssDHA.
0X174 RFI DNA was labeled as described above. Approximately 1.08 apurlnic sites were Introduced per DNA molecule by acid treatment (100 mM NaCl, 10 mM sodium acetate pH 5.1, 12.5 minutes at 70°C), determined by aid of the Poisson formula (28, 29) . The AP-endonucleolytic activity was calculated as number of introduced breaks per DNA molecule monitored by the nitrocellulose filter binding technique, assuming a Poisson distribution of AP-sites in the DNA. The enzymatic assays were carried out in a total volume of 100 ul. The concentration of AP-sites was varied by adding different amounts of depurinated 3 H-labeled 0X174 RFI DNA. Unlabeled 0X174 RFI DNA which had not been depurinated was added to keep the total DNA concentration constant at 15 uH nucleotide. The control assays were incubated for 30 minutes at 37°C using heat inactivated enzyme. Nonenzymatic breaks were subtracted from the experimentally determined data. The assay for the un-specific nuclease activity were carried out under conditions identical to those employed in the kinetic studies, except that native, not depurinated, 3 Hlabeled 0X174 RFI DNA was employed as substrate. Three single-stranded oligonucleotides, 11, 12, and 40 nucleotides in length and one double-stranded oligonucleotide, 55 nucleotides in length, were labeled as previously described. The double-stranded oligonucleotide was labeled in only one strand. AP-sites were introduced by subjecting the DNA fragments to dimethylsulphate treatment prior to heat treatment (24) or formic acid (25) . The concentration of AP-sites was varied by adding different amounts of 32p_i a bei e( j unmodified DNA fragments. The total DNA concentration was kept constant at 15 uM nucleotides by adding unlabeled 0X174 RFI DNA which had not been depurinated. The standard assay mixture was employed in a total assay mixture of 50 ul. The cleavage products from APendonuclolytic digestion of ssDNA containing AP-sites were separated by polyacrylamide gel electrophoresis or by descending paper ion exchange chromatography, using 500 mM ammonium formate and 3.0 M urea as the mobile phase. The control assay contained heat inactivated enzyme and non-enzymatic breaks introduced were subtracted from the data obtained. On-specific endonuclease activity on these small ssDNA fragments were assayed under conditions identical to those used above, employing non-damaged 32p_iabeled DNA fragments as substrate.
DHA sequencing analysis on dsDNA and ssDNA.
Approximately one apurinic site per labeled DNA fragment was introduced into the dsDNA employed. The enzyme will thus act on AP-sites in dsDNA, but only the action on the end-labeled strand will be displayed in the autoradiograph. The enzymatic reactions were carried out in a total assay mixture of 60 ul, using standard assay conditions. The enzyme concentration was varied from 2 to 100 x10~3 units, and the reaction was stopped by phenol extraction. As a control, substrate was incubated with heat-inactivated AP-speciflc endonuclease. The DNA sequencing reactions were carried out as described in the chemical modification protocol by Maxam and Gilbert (25) . The oligonucleotide, 39 nucleotides in length, was labeled as described above, and approximately one AP-site was introduced per fragment by treatment with formic acid (70% formic acid, 37°C for 9 minutes). The assays, including the control assays and sequence analysis were performed as described for dsDNA, except that the enzyme concentration was varied from 0.1 to 3 units.
RESULTS
Determination of minimal substrate size.
Five single-stranded oligonucleotides, the two 7-mers, the 9-, 11-, and 12-mers were used as described in the method section, and approximately 1 AP-site was introduced per DNA strand. No digestion was observed when using the two 7-mers. However, the 9-, 11-, and 12-mers were cleaved, employing 6 units of the enzyme at standard assay conditions at 37°C for 30 minutes (data not shown). Kinetic studies on ss-and dsDHA.
Three ssDNA fragments, 11, 12, and 40 nucleotides in length, were labeled with (/-32p)ATP and T4-polynucleotide kinase. Approximately 1.2 AP-sites were introduced per DNA fragment by dimethyl sulphate treatment prior to heat treatment or by formic acid treatment.
The enzymatic reactions were carried out as described in the method section. The cleavage products were separated by descending paper ion exchange chromatography or by lH aparinlc altei FIGURE 1: Relationship between substrate concentration and the AP-endonucleolytic activity on ssDNA. Two oligonucleotides, eleven and twelve nucleotides in length were employed as substrate. Approximately 1.2 AP-sites were introduced per DNA fragment by dimethylsulphate treatment prior to heat treatment (24) . The concentration of AP-sites was varied by adding different amounts of 32p_i a beled unmodified DNA fragments. The total DNA concentration was kept constant at 15 uM nucleotide by adding unlabeled 0X174 RFI DNA which had not been depurinated. The enzymatic reactions were carried out as described in Materials and Methods. The cleavage products were separated by descending paper ion exchange chromatography. Non-enzymatic breaks introduced were subtracted from the data obtained. Each point in the figure represents the average of four independent measurements.
polyacrylamide-urea gel electrophoresis. Despite a 20 fold increase in the enzyme concentration used, no un-specific nuclease activity was detected. Figure 1 shows the relationship between substrate concentration and the AP-endonucleolytic activity for the AP-specific endonuclease examined using the two oligonucleotides, 11-and 12 nucleotides long, as substrate. By the aid of linear regression analysis of the double reciprocal plot of the data, Figure 2 , the apparent Kj,-and V max values were calculated. Each point in the figures represents the average of four independent measurements.
004
FIGURE 2: Double reciprocal plot of the data obtained from APspecific endonuclease action on oligonucleotides ( Figure 1 ). The apparent Kn, and V max values were 134.7 nM AP-sites and 0.43 praole breaks per minute, respectively, calculated by linear regression analysis of the data in this figure.
The 40-mer oligonucleotide was also employed as substrate, and AP-sites were introduced by formic acid treatment. The analysis was performed as described above. The respective values for K,,, and V max are shown in Table 1 .
To compare the values obtained on ssDNA with the respective values on dsDNA, a double-stranded oligonucleotide, 55 nucleotides in length, was used in addition to the 0X174 RFI dsDNA (below). The ds-oligonucleotide was labeled as described above, but only one strand was labeled. Approximately 1 AP-site was introduced per labeled DNA strand by formic acid treatment.
The analysis was performed as described in the method section, and the respective values for K,j, and V max are shown in Table 1 . About 70 apurinic sites in various double-stranded DNAs were examined on five DNA sequencing gels, three of them displayed in the present paper. The influence of the dsDNA sequence upon the frequency of incision was studied. Double-stranded DNA fragments with only one strand end-labeled was employed and approximately one apurinic site per DNA-molecule (25) were introduced by acid treatment. Ade and Gua were released with approximately the same frequency as displayed in the A+G lanes in which the apurinic sites were cleaved chemically (25) . DNA with apurinic sites was incubated at various concentrations of the AP-specific endonuclease. The endonuclease activity on dsDNA was thus studied, but only the activity on the 32p_i a beled strand are displayed in the autoradiographs. Selected sequencing reactions, including the A+G lane, were run alongside, to verify the incision positions.
In Figure 3A , a 170 nucleotide fragment from 0X174, XholPstl/Haelll digest, was used as subsrate. In Figure 3B the relative amount of nicking (%) was measured by the aid of a densitometer scan. The strength of the signal which appeared after piperidine-cleavage (A+G lane) was set to 100%. The different apurinic sites were cleaved at different rates. At low enzyme concentrations only partial hydrolysis (less than 40%) was seen in positions 5, 6, 9, 10, 13, 30, 33, 34, 41, 46, 47, 51, 52 and 56. Among these, positions 10, 30, 34, 41, 47, 51, 52 and 56 were poorly cleaved (less than 40%) at all enzyme concentrations, while the rest were weak at the two lowest enzyme concentrations only (lanes 3 and 4 in Figure 3A) . A few sites were cleaved efficiently at all enzyme concentrations (positions 8, 14, 15, (23)).
The total ammount of radioactivity loaded in lane 1 was less than in lanes 2 through 4, so the signals appear to be weaker in that particular lane. The strong band in all lanes at position 37-39 was due to poor denaturation of uncleaved fragment. The sequence in Figure 4A represent partially the 186 nucleotides Sa^I-gaell digest of plasmld pUC18, 32p_i a beled in one strand. In figure 4B the relative amount of nicking (%) was measured by the aid of a densitometer scan. In the sequence ..
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40 r-^J 3 units AP-specific endonuclease. Lane 7: untreated DNA incubated with heat inactivated AP-specific endonuclease. FIGOSE 3B: The relative amount of nicking (%) by the APspecific endonuclease, measured by the aid of densitometer scan of the autoradiograph in Figure 3A (lanes 1 through 4) . Lane 5, the background, was substracted from the data obtained, and the strength of the corresponding piperidine cleaved fragment (in A+G lane) was set to 100%. The amounts of the AP-specific endonuclease employed are given in Figure 3A. displayed, all apurinic sites were cleaved quite frequently at high enzyme concentrations. Only one signal (position 98) was weak, i.e. less than 40%, at all enzyme concentrations (lanes 1 through 4). However, we obviously have some sites which were not cleaved as well as the other at low enzyme concentrations ( lanes  3 and 4) . Figure 4A (lanes 1 through 4) . The relative amount of nicking (%) was measured. The strength of the corresponding chemically cleaved DNA fragment in the A+G lanes was set to 100%. Nonenzymatic breaks (lane 5) was substracted from the values obtained.
Position 21 was cleaved poorly, but position 14 was cleaved efficiently ( Figure 5B ).
As we can see from the data obtained, apurinic sites situated in a purine-rich region of the fragments or in clusters of three or FIGURE 5B: Densitometer scan of the autoradiograph displayed in Figure 5A (lanes 1 through 4) . The relative amount of nicking (%) was measured. The background from lane 5 was substracted from the data, and the strength of the signal of the corresponding piperidine cleaved DNA fragment was set to 100% (A+G lane). more purines (Figure 3, positions 8, 9 , 13, 14 and 15; Figure 4 , pos. 56 and 57), were cleaved efficiently (more than 60% relative nicking) at lower enzyme concentrations. Furthermore, positions 6, 33 and 46 in Figure 3 , and position (93,94) and (112,113) in Figure 4 were also cleaved efficiently at lower enzyme concentrations. They were all situated next to a purine. Single-purine AP-sites however, were poorly cleaved (less than 40% relative nicking) at lower enzyme concentrations (10 x10" units), see Figure 3 , which were cleaved relatively efficient at lower enzyme concentrations. At high enzyme concentration (100 x10ũ nlts, Figure 4 ), no apurinic sites were poorly cleaved (40% relative nicking).
The 39 nucleotides long oligonucleotide was employed as substrate in studies on sequence preference on ssDNA. Apurinic sites were introduced as described in the method section, and the analysis, using the Haxam Gilbert DNA sequencing protocol, was as described above for dsDNA. No sequence preference was observed using this oligonucleotide as substrate (data not shown).
DISCOSSIOH
The AP-endonuclease from mouse plasmacytoma cells examined in this work has earlier been characterized as an enzyme specific for AP-sites (17) and act as a class II AP-endonuclease (18) . Thus, the enzyme does not act as catalyst of -elimination. However, detailed information about the substrate preference on single-stranded and double-stranded DNAs have not previously been reported.
Mininal substrate sixe and kinetic studies on dsDHA and ssOHA. The results from studies on ssDNA indicate a requirement by the enzyme for a minimum length of the employed DNA, somewhere between seven and nine nucleotides.
The maximum rates of digestion on ssDNA measured were estimated to be approximately 1/30 of the rates observed on dsDNA. Values on dsDNA determined by previous investigators (17) were within the same order of magnitude as the values from our observations on dsDNA. It is clear from the results obtained that the enzyme acts preferentially at AP-sites in double-stranded DNA. Sequence preference. No significant sequence preference was observed on ssDNA. However, from the data obtained, a sequence preference on dsDNA is obvious, especially at low enzyme concentrations. The apurinlc sites cleaved efficiently, i.e. more than 60% relative nicking, at lower enzyme concentrations were mostly in a purine rich region of the fragment and in clusters of three or more purines. These findings indicate that single-purlne AP-sites in pyrimidlne-rich regions might not be repaired as frequently as AP-sites in purine-rich regions, and will therefore more easily lead to misincorporation via nontemplate-directed incorporation of nucleotides by DNA polymerase.
We have observed a somewhat similar result in studies of the sequence specificity of 3-mAde-DNA glycosylase from calf thymus. Some of the alkylated purines in pyrimidine rich regions of the DNA fragments examined were seldom or never removed by the glycosylase (30) . We therefore conclude that DNA repair enzymes might have a sequence dependent repair efficiency.
